Abstract: Rational application of pesticides by properly adjusting the amount of product to the actual needs and specific conditions for application is a key factor for sustainable plant protection. However, current plant protection product (PPP) labels registered for citrus in EU are usually expressed as concentration (%; rate/hl) and/or as the maximum dose of product per unit of ground surface, without taking into account those conditions. In this work, the fundamentals of a support tool, called CitrusVol, developed to recommend mix volume rates in PPP applications in citrus orchards using airblast sprayers, are presented. This tool takes into consideration crop characteristics (geometry, leaf area density), pests, and product and application efficiency, and it is based on scientific data obtained previously regarding the minimum deposit required to achieve maximum efficacy, efficiency of airblast sprayers in citrus orchards, and characterization of the crop. The use of this tool in several commercial orchards allowed a reduction of the volume rate and the PPPs used in comparison with the commonly used by farmers of between 11% and 74%, with an average of 31%, without affecting the efficacy. CitrusVol is freely available on a website and in an app for smartphones.
Introduction
The production and consumption of plant products play a very important role in the society, but the yield from plant production is continually threatened by harmful organisms, pests and diseases. It is essential to protect plants against such organisms in order to prevent their damage or a reduction in yield, and ensure both the quality of the products harvested as well as high agricultural productivity. Protecting plants from the effects of these organisms can be performed in many ways, but nowadays the most common methods are based on using plant protection products (PPPs). However, their use implies that PPP residues remain in food and find their way into the environment, consequently there is an important social pressure towards the development of measures for reducing the residues in food, minimizing the impact of pesticides on the environment and reducing and controlling the risks associated with their application.
One way to achieve these goals is through the rational application of PPPs by properly adjusting the amount of product to the actual needs and specific conditions of the application (vegetation to be treated, pest to be controlled, pesticide used and machinery). However, applying large quantities of product is fairly common today in order to ensure results, without taking into account that this practice normally entails an excessive release of products that remain in the food and pollute the environment. This practice also increases production costs.
In plant protection of tree orchards (pears, apples, citrus, olives . . . ), vineyards, and high growing vegetables (hop, tomato...), which are known as 3-dimensional (3D) crops, contrary to the administration of pharmaceuticals to animals and/or humans in which the dose is expressed per kilo PACE tool, the system combines a generalized dosage model that minimize the variation of tree average deposits and a dataset of target structures of regional exemplars where efficient and efficacious use of pesticide was obtained at the label-recommended dose rate; in other cases ("Dosaviña", "Dosafrut" and "Dosacitric" tools), the optimum number of droplets per unit of leaf area and optimum droplet size are set; and in the case of the "GreenRate" tool, a desired deposit is established based on the average foliar deposition obtained in previous studies in greenhouse tomato crops, taking for granted that the application with spray guns established by the operator offers good biological efficacy.
The objective of the present work was to design a tool to help citrus growers in the process of choosing the appropriate volume rate to be applied in their orchards, taking into account the size, the geometry and the foliar density of the target canopies, the pest to be controlled, the product to be applied, and the efficiency of airblast applications in citrus. The fundamentals of the tool named CitrusVol and its evaluation are presented in this manuscript.
CitrusVol

Fundamentals
The tool is based on achieving a minimum deposit on the target surface (leaves, wood, fruit) for achieving maximum efficacy of control according to the pest/disease and the way of action of the applied plant protection product (PPP). This minimum deposit was calculated from the models determined in the laboratory that relate the amount of product deposited, obtained varying the mix volume at the label concentration, how it is deposited and how it affects the control of the pest, setting the differences between developmental stages [39, 40] . These models were developed for California red scale, Aonidiella aurantii Maskell (CRS), which was selected as a reference pest because it is a key pest in worldwide citrus production [41] and has characteristics that makes it difficult to be controlled (shielded body, location preferences, low mobility, tendency to aggregate in colonies, survival in wood between seasons, etc.). These models were subsequently validated in field conditions [5, 6] , and they showed that to achieve the maximum efficacy (90%) in treatments against first CRS generation, in which young stages are predominant [41] , a deposition level (D, µL/cm 2 ) of 1.01 µL/cm 2 was necessary when applying organophosphates, which were selected as the reference for contact PPP, and this level increased to 3.41-4.72 µL/cm 2 when applying mineral oils, the reference for suffocating PPP. For applications against next generations, in which there is heterogeneity of stages, D was between 3.41 and 4.72 µL/cm 2 for organophosphates and it was of 4.72 µL/cm 2 for oils. From these values, to be on the side of safety, a deposit of 3.41 µL/cm 2 was considered when applying organophosphates, and of 4.72 µL/cm 2 when applying mineral oils. Besides, it is acknowledged that the survival of pests in field conditions is lower than in laboratory conditions, due to the more adverse climatic conditions, natural enemies, etc. [42] [43] [44] . For this reason, 80% of the laboratory deposits were considered in the tool. Based on these results, when the user of the tool selects the product, the minimum deposit to be used in the subsequent calculations is selected. This database will be updated as new models of PPP efficacy-deposition will be developed.
Once the minimum deposits are set, the theoretical volume rate to be used in the planned application (V, L/ha) is calculated with Equation (1).
where D (µL/cm 2 ) is the minimum deposition level, S W (m 2 leaf /tree) is the total leaf surface per tree to be wet, N is the number of trees in a hectare, which is calculated with the Equation (2), taking into account tree and row spacing, and f lab-field (-) is the factor introduced to account for the differences between laboratory and field survival.
where sp tree (m) is the distance between tree trunks in a row (spacing within row), and sp row (m) is the distance between rows (row spacing). The total leaf surface per tree to be wet (S W , m 2 leaf /tree) was calculated with Equation (3) from the total one-side leaf surface per tree (S, m 2 leaf one-side/tree), taking into account that the two sides of the leaves had to receive the sprayed product, for which S is multiplied by 2, and that the different targets of PPP applications (pest and/or disease) have different requirements regarding which part of the canopy has to be wet, for which the target factor f target (-) is included.
where S (m 2 leaf one-side/tree) is the total leaf one-side surface per tree and f target (-) is the target factor. To define f target , PPP applications were differentiated depending on the percentage of the canopy that has to be covered, differentiating between "internal", "intermediate" and "external" applications. Internal applications have to reach the entire canopy, intermediate applications have to reach two-thirds of the canopy, and external applications have to reach one-third of the canopy. Based on these requirements, and taking into account the ellipsoidal shape of the citrus canopy, the corresponding values of f target for each group were calculated ( Table 1 ). The different pests/diseases were allocated to the corresponding application type depending on the covering requirements. This allocation was decided with the advice of the plant protection research group of the Instituto Valenciano de Investigaciones Agrarias (IVIA). * At the time of writing this manuscript, there were no products authorized against this pest in Spain, so when it is selected the following warning message appears "There are no authorized products". In case of future authorization of any product, this warning message would not appear and f target = 1 would be used; ** The applications against this disease should be carried out directly on the trunk and main branches in advance of the onset of infections, so when it is selected the following warning message appears "Applications directly on the trunk"; *** At the time of writing this manuscript, some products were authorized only as bait treatment, so when these products are selected for controlling this pest the following message appears "Application as bait treatment".
The user selects the specific target (pest/disease) of the planned application and the tool includes in the calculations the corresponding value of f target .
With respect to the total leaf surface per tree S (m 2 leaf/tree), this was calculated with the Equation (4) .
where VT (m 3 /tree) is the average apparent volume of trees considering that the canopy of citrus has an ellipsoidal shape, and LAD (m 2 leaf/m 3 canopy) is the leaf area density. With respect to the procedure for quantification of LAD, it was considered that it included both the effect of the pruning level of the orchard and the cultivar, and the user of the tool has to choose between the options offered. Concerning pruning, three levels were considered: 'severe', 'normal' and 'without pruning'. Concerning the cultivar, they were grouped based on their mean density. Three groups were considered: 'low density cultivars', 'medium density cultivars' and 'high density cultivars'. Some examples from each group are given in the tool to facilitate the choice to the users. The inclusion of the different cultivars in the corresponding group was decided with the advice of the citrus research group of the IVIA. Depending on the choices of the user of the tool on these two parameters, a value of LAD from the included database (Table 2 ) is selected and included in the calculations. To define the reference values of LAD to be included in the tool, LAD was assessed in different orchards with different level of pruning. The assessment was made by sampling leaves in different quadrants of the canopy, resulting from dividing the canopy as shown in Figure 1 . some products were authorized only as bait treatment, so when these products are selected for controlling this pest the following message appears "Application as bait treatment".
The user selects the specific target (pest/disease) of the planned application and the tool includes in the calculations the corresponding value of ftarget.
With respect to the total leaf surface per tree S (m 2 leaf/tree), this was calculated with the Equation (4).
where VT (m 3 /tree) is the average apparent volume of trees considering that the canopy of citrus has an ellipsoidal shape, and LAD (m 2 leaf/m 3 canopy) is the leaf area density. With respect to the procedure for quantification of LAD, it was considered that it included both the effect of the pruning level of the orchard and the cultivar, and the user of the tool has to choose between the options offered. Concerning pruning, three levels were considered: 'severe', 'normal' and 'without pruning'. Concerning the cultivar, they were grouped based on their mean density. Three groups were considered: 'low density cultivars', 'medium density cultivars' and 'high density cultivars'. Some examples from each group are given in the tool to facilitate the choice to the users. The inclusion of the different cultivars in the corresponding group was decided with the advice of the citrus research group of the IVIA. Depending on the choices of the user of the tool on these two parameters, a value of LAD from the included database (Table 2 ) is selected and included in the calculations. To define the reference values of LAD to be included in the tool, LAD was assessed in different orchards with different level of pruning. The assessment was made by sampling leaves in different quadrants of the canopy, resulting from dividing the canopy as shown in Figure 1 . In each quadrant, a cube of 70 × 70 × 70 cm (0.343 m 3 ) was installed, taking care not to vary the initial vegetative structure, and all the leaves inside the delimited volume were collected and weighed to obtain the ratio 'g of leaves/m 3 of canopy'. Afterwards, in the laboratory, a sample of 10 leaves of each quadrant was weighed with an analytical balance (XR 205 SM-DR, Precisa Instruments Ltd., Dietikon, Switzerland) and their leaf area was determined. To do this, they were digitized by scanning and the resulting image was analyzed by image analysis (Matrox Inspector, v. 2.2, Matrox Electronic Systems Ltd., Dorval, QC, Canada). With these values, the ratio 'cm 2 of leaves/g' of the leaves of each quadrant was calculated. Using the ratios m 2 /m 3 and cm 2 /g obtained for each quadrant, the leaf surface per unit volume of vegetation (m 2 leaf/m 3 vegetation) of each of them was calculated. Three repetitions were performed in each orchard. Mean value of each orchard was calculated afterwards and included in the database of the tool.
For the calculation of the apparent volume of trees, VT, the tool includes two cases. If the average diameter of the trees along the row is equal or larger than the distance between trees in a row, VT 1 is calculated with Equation (5) . If the average diameter of the trees along the row is shorter than the distance between trees in a row, VT 2 is also calculated with Equation (6). This case was considered to take into account the orchards with gaps between trees that are sprayed with equipment without technology to detect the vegetation, which is fairly common.
VT 2 = 1/6 π × h × Ø across the row × sp tree (6) where h (m) is the average canopy height (considering the height from the bottom of the canopy (not the ground) to the top of the canopy), Ø across the row (m) is the average diameter of the trees measured perpendicularly to the row, Ø along the row (m) is the average diameter of the trees measured in parallel to the row, and sp tree (m) is the distance between tree trunks in a row. Up to this point, the theoretical volume rate to be used in the planned application is calculated. In order to give the recommended volume rate (V R , L/ha), the efficiency of the application is also taken into account and calculated through Equation (7) .
where f E (-) is the efficiency factor, which makes reference to the part of spray that is delivered by the airblast sprayer and reaches the intended target canopy. According to previous studies, in pesticide applications performed in Mediterranean citrus orchards with conventional air-blast sprayers, almost 50% of the spray reaches the intended canopy [45] . In that work, the spray mixture was water + tracer, if adding an adjuvant, which is a common practice among farmers and is a usual ingredient of commercial pesticides, the efficiency is considered to increase in 20% respect to when applying water alone [46, 47] . Therefore, a f E = 0.6 is assumed in the tool. With all these values, the recommended volume rate is calculated. There are two possible cases, as mentioned before:
If Ø along the row ≥ sp tree , VT 1 is calculated with Equation (5), and this value is used to calculate S 1 , S W1 , V 1 and V R1 with the corresponding equations. In this case, V R1 would be the recommended volume rate.
If Ø along the row < sp tree , on the one hand, VT 1 , S 1 , S W1 , V 1 and V R1 are calculated with the corresponding equations, and on the other hand, VT 2 is calculated with Equation (6), and S 2 , S W2 and V R2 are subsequently calculated with the corresponding equations based on this value. In this case, the tool indicates that V R1 would be the recommended volume rate in case of using a sprayer with technology to detect the vegetation, that is to say, that the nozzles are only operative in front of the canopy [48] , and V R2 would be the recommended volume rate in case of using a sprayer without this technology. Besides, the tool indicates the percentage of saved amount of volume that would be obtained in case of using sprayers with technology to detect the vegetation.
As stated, these recommendations are based on the achievement of a minimum deposit on the target surface, but they do not take into account the limitations of volume rate or dose that appear in labels of some commercial products, which are usually based on limitations set in some parts of the registration dossier which are not related with the biological control. Therefore, besides the recommended volume rate, the following warning message appears "Check the technical data sheet of the product to verify if it is authorized for this use and/or if there are limits of maximum application volume rate or maximum dose".
User Interface
The tool is freely available and it is included in the citrus Integrated Pest Management (IPM) website [49] and in the citrus IPM app Gipcitricos IVIA developed for smartphones [50] . The input data to be included by the user are: -Canopy characteristics:
• h (m) is the average canopy height • Ø across the row (m) is the average diameter of the trees measured perpendicularly to the row • Ø along the row (m) is the average diameter of the trees measured in parallel to the row • Cultivar, selection from a drop-down menu based on Table 2 • Pruning level, selection from a drop-down menu based on Table 2 Orchard characteristics (framework)
• sp tree (m) is the distance between tree trunks in a row (tree spacing) • sp row (m) is the distance between tree trunks across a row (row spacing) -Application specifications
• Target, selection from a drop-down menu based on Table 1 • Product, selection from a drop-down menu with all the registered products for citrus A diagram showing the parameters of the framework and the canopy size that growers have to measure is included in the tool (Figure 2 As stated, these recommendations are based on the achievement of a minimum deposit on the target surface, but they do not take into account the limitations of volume rate or dose that appear in labels of some commercial products, which are usually based on limitations set in some parts of the registration dossier which are not related with the biological control. Therefore, besides the recommended volume rate, the following warning message appears "Check the technical data sheet of the product to verify if it is authorized for this use and/or if there are limits of maximum application volume rate or maximum dose".
The tool is freely available and it is included in the citrus Integrated Pest Management (IPM) website [49] and in the citrus IPM app Gipcitricos IVIA developed for smartphones [50] . The input data to be included by the user are:
-Canopy characteristics:
• h (m) is the average canopy height • Øacross the row (m) is the average diameter of the trees measured perpendicularly to the row • Øalong the row (m) is the average diameter of the trees measured in parallel to the row • Cultivar, selection from a drop-down menu based on Table 2 • Pruning level, selection from a drop-down menu based on Table 2 -Orchard characteristics (framework)
• sptree (m) is the distance between tree trunks in a row (tree spacing)
• sprow (m) is the distance between tree trunks across a row (row spacing) -Application specifications
• Target, selection from a drop-down menu based on Table 1 • Product, selection from a drop-down menu with all the registered products for citrus A diagram showing the parameters of the framework and the canopy size that growers have to measure is included in the tool (Figure 2) . The tool is presented in a friendly interface (Figure 3) . It is written in Spanish and it is going to be translated to English and to languages of other citrus areas (Italian, Portuguese, Greek). The tool is presented in a friendly interface (Figure 3) . It is written in Spanish and it is going to be translated to English and to languages of other citrus areas (Italian, Portuguese, Greek). 
Field Evaluation of the Tool to Determine the Volume Rate for Spraying Citrus
The CitrusVol tool was evaluated through field tests carried out during the season 2015-2016 in seven commercial Clementine orchards located in Valencia (Spain). The characteristics of each orchard are shown in Table 3 . Field tests consisted of comparing conventional rates (conventional treatment, Vc) used by farmers with the volume rates recommended by the CitrusVol tool (adjusted treatment, Va). This comparison was made for applications against Aonidiella aurantii (California red scale, CRS) and Tetranychus urticae (two-spotted spider mite, TSM). Treatments were applied by means of conventional airblast sprayers from the farm. A total of 14 PPP applications were carried out, with the sprayer set up shown in Table 4 . In each orchard, the number of open nozzles for the Vc applications was selected by the farmers. They also selected the combination of nozzle sizes in the nozzle manifold to give the expected volume rate, following the conventional regulation of the sprayer in each case. For the Va applications, the number of open nozzles in each orchard was selected by a visual assessment of the spray cloud to fit it to the canopy size and shape. Afterwards, the combination of nozzle sizes of the same model used for the Vc applications in each orchard was 
The CitrusVol tool was evaluated through field tests carried out during the season 2015-2016 in seven commercial Clementine orchards located in Valencia (Spain). The characteristics of each orchard are shown in Table 3 . Field tests consisted of comparing conventional rates (conventional treatment, Vc) used by farmers with the volume rates recommended by the CitrusVol tool (adjusted treatment, Va). This comparison was made for applications against Aonidiella aurantii (California red scale, CRS) and Tetranychus urticae (two-spotted spider mite, TSM). Treatments were applied by means of conventional airblast sprayers from the farm. A total of 14 PPP applications were carried out, with the sprayer set up shown in Table 4 . In each orchard, the number of open nozzles for the Vc applications was selected by the farmers. They also selected the combination of nozzle sizes in the nozzle manifold to give the expected volume rate, following the conventional regulation of the sprayer in each case. For the Va applications, the number of open nozzles in each orchard was selected by a visual assessment of the spray cloud to fit it to the canopy size and shape. Afterwards, the combination of nozzle sizes of the same model used for the Vc applications in each orchard was selected to give the adjusted volume rate. Nozzle sizes were not the same for the whole manifold in any case. The percentages of reduction of mix volume between conventional treatments and adjusted treatments were calculated ( Table 5 ). Percentages of reduction were between 11.61% and 74.08% with an average reduction of 31.5%. Because of the fact that the PPP labels for citrus in Spain are usually expressed as concentration, the percentage of reduction of PPP are the same that the percentage of reduction of mix volume. The quantity of PPP savings is shown in Table 5 .
The reduction of the use of mix volume per hectare also implies a reduction on the number of tank refills, and therefore a reduction of operational time. The time savings in each application are shown in Table 6 . Time savings increase when the area to be spray increases due to economies the scale. In terms of efficacy, quality of fruit at harvest in each orchard was assessed by measuring the percentage of cull fruit due to each pest with each treatment. Cull threshold due to two-spotted spider mite was considered as the fruit that presented extensive skin damage, at least in the apex and stem zones. Cull threshold due to California red scale was considered as the fruit that presented three or more scales. In all the orchards, the values of cull fruit were very low and similar between treatments (Table 7) . 
Conclusions
The CitrusVol tool was designed to help citrus growers in the process of choosing the appropriate volume rate to be applied in their orchards, taking into account the size, the geometry and the foliar density of the target canopies, the pest/disease to be controlled and the product to be applied. It is based on the relationships between the quantity of deposited PPP, how it is deposited on the citrus leaves, and how it affects the control of the pest and/or the disease, therefore it allows the rational adjustment of the amount of mix to be applied in PPP applications in citrus crops.
The determination of the optimal application volume rate with the tool allows the application efficiency to be increased without affecting the control efficacy, whilst minimizing losses and environmental exposure. It also provides a reduced water footprint, decreases PPP costs and operational time, and reduces residues on fruit, with the subsequent reduction of PPP in the agri-food chain.
